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the	cases	of	𝑛 > 1	and	𝑛 < 1,	respectively.	𝐾=2x10-9	m-0.5yr-1,	1x10-7	yr-1,	and	1.32x10-6	





























	 For	negative	contact	dip	scenarios,	changing	the	𝐾! 𝐾! 	ratio	further	from	unity	does	
not	compete	with,	but	rather	amplifies,	the	steady	state	prediction	of	changing	𝐾	on	
knickpoint	prominence.	For	example,	with	a	hard	over	soft	stratigraphy	and	negatively	
dipping	contact,	lowering	the	hard	unit’s	𝐾	increases	a	node’s	drop	in	elevation	after	
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changing	erodibility.	This	further	increases	𝑈!""	of	the	reach	upstream	of	the	contact	and	
causes	an	uplift	knickpoint’s	prominence	to	surpass	the	steady	state	prediction	in	the	hard	
unit	(Fig.	24).	
5.4.	Multi-Contact	Runs	
	 I	conducted	additional	runs	to	explore	the	influence	of	multiple	contacts	on	uplift	
knickpoints.	To	test	the	abruptness	of	a	transition	to	a	new	erodibility	on	the	propagation	
of	uplift	knickpoints,	I	compared	a	run	with	a	soft	over	hard	negatively	dipping	contact	to	a	
run	with	an	identical	upstream	change	in	𝐾	accomplished	over	four	contacts	forming	five	
progressively	softer	150	m	thick	units	(Fig.	36).	The	location	of	the	upstream-most	contact	
in	the	four	contact	run	matches	the	location	of	the	contact	in	the	single	contact	run.	Prior	to	
the	change	in	uplift	rate,	the	exposure	of	progressively	harder	units	initiates	transient	
contact	knickpoints	that	propagate	past	contacts	into	further	upstream	units	and	decrease	
relief	in	their	wakes.	These	waves	become	extremely	subtle,	even	in	𝜒 − 𝑘!"	space,	after	
passing	a	contact,	and	they	merge	with	the	uplift	knickpoint	when	the	two	waves	collide.	
Between	both	runs,	the	uplift	knickpoint	has	nearly	identical	prominences	in	the	softest	
unit.	In	the	four	contact	scenario,	𝑘!"	both	upstream	and	downstream	from	the	uplift	
knickpoint	in	the	softest	unit	slightly	exceeds	that	for	the	single	contact	run.	This	suggests	
that,	so	long	as	uplift	knickpoints	can	propagate	past	contacts,	their	prominence	in	a	new	
unit	only	weakly	depends	upon	the	stream	reach’s	length	across	which	a	change	in	𝐾	
occurs.	It	should	be	emphasized	that	this	does	not	hold	for	scenarios	in	which	the	uplift	
knickpoint	fails	to	propagate	past	a	contact,	which	occurs	in	baseline	runs	with	hard	over	
soft	horizontal	contacts	and	sufficiently	low	𝐾	hard	units.	
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	 After	propagating	into	the	softest	unit,	deviations	in	uplift	knickpoint	elevations	
and,	more	notably,	distances	from	the	outlet	between	the	two	runs	result	from	the	uplift	
knickpoint	crossing	the	downstream-most	contact	in	the	four	contact	run	earlier	than	it	
crosses	the	contact	in	the	single	contact	run	(Fig.	36).	Once	the	knickpoint	crosses	a	
contact,	it	enters	an	under-steepened	reach	in	which	vertical	velocity	decreases	and	
celerity	increases.	As	a	very	fine	detail,	since	the	four	contact	scenario	leaves	the	upstream	
soft	unit	reach	slightly	less	under-steepened	than	the	single	contact	scenario,	the	uplift	
knickpoint’s	vertical	velocity	in	the	soft	unit	is	slightly	greater	in	the	four	contact	scenario	
than	in	the	single	contact	scenario.	
	 When	a	change	in	uplift	rate	perturbs	river	profiles	with	alternating	hard	and	soft	
subhorizontal	layers	with	negatively	dipping	contacts,	the	uplift	knickpoints	follow	the	
general	trend	illuminated	by	the	baseline	runs	and	increase	vertical	velocity	in	hard	over-
steepened	units	while	decreasing	vertical	velocity	in	soft	under-steepened	units	(Fig.	37A-
B).	Celerity	also	increases	in	the	soft	units	and	decreases	in	the	hard	units.	Interestingly,	
transient	contact	knickpoints	generated	in	soft	units	branch	into	two	distinct	waves	upon	
interacting	with	an	upstream	hard	unit	and	fail	to	propagate	into	the	next	soft	unit.	On	the	
other	hand,	transient	contact	knickpoints	generated	in	hard	units	continue	to	propagate	
upstream	and	often	remain	detectable	after	passing	through	several	contacts.	With	
horizontal	contacts,	the	uplift	knickpoint	fails	to	propagate	past	the	first	contact	it	
encounters,	regardless	of	the	upstream	unit’s	erodibility.	Under	this	scenario,	the	
knickpoint	merges	with	the	contact	and	adopts	the	contact’s	vertical	velocity	(Fig.	37C).	
	 As	an	uplift	knickpoint	propagates	into	a	hard	unit	with	subhorizontal	negative	
contacts,	the	hard	unit	becomes	a	near-shear	cliff	with	𝑘!"	far	exceeding	steady	state,	and	
	 63	
	
Fig.	36.	Comparison	of	soft	over	hard	runs	with	identical	initial	and	final	𝐾	values	but	
different	numbers	of	-5°	dipping	contacts	8	Myr	after	a	change	in	uplift	rate	from	5x10-5	
m/yr	to	2.5x10-4	m/yr.	𝑛	is	equal	to	1.5.	The	blue	profile	has	four	contacts	that	form	5	
progressively	softer	units,	and	the	magenta	profile	experiences	the	same	change	in	𝐾	with	a	
single	contact.	The	magenta	profile’s	contact	is	located	at	the	same	elevations	as	the	
upstream-most	contact	on	the	blue	profile.	Contacts	are	in	red	in	panel	(A),	and	uplift	
knickpoints	are	indicated	by	colored	circles	in	panel	(B).	
	
the	uplift	knickpoint	becomes	nearly	indistinguishable.	Further	downstream,	as	new	
contacts	outcrop,	individual	units	continue	to	steepen	and	flatten	as	transient	contact	
knickpoints	continue	propagating	upstream.	Because	transient	contact	knickpoints	also	
continue	to	propagate	upstream	ahead	of	the	uplift	knickpoint,	𝑘!"	in	each	unit	upstream	
from	the	uplift	knickpoint	varies	through	time.	Therefore,	when	an	uplift	knickpoint	
propagates	into	a	given	unit,	its	prominence,	vertical	velocity,	and	celerity	partially	depend	
upon	the	nature	of	transient	contact	knickpoints	that	previously	propagated	through	the	
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Fig.	37.	Time	elevation	plots	for	various	runs	with	layered	hard	(𝐾=2x10-9	m-0.5yr-1)	and	
soft	(𝐾=2x10-8	m-0.5yr-1)	stratigraphy.	Note	that	the	uplift	knickpoint	and	transient	contact	
knickpoints	fail	to	propagate	past	horizontal	contacts	and	change	vertical	velocity	after	
propagating	past	subhorizontal	contacts.	
	
unit.	Based	on	the	multi-contact	runs	with	negative	dips,	the	general	trends	found	in	the	
baseline	runs	hold,	and	soft	units	under-steepen,	while	hard	units	over-steepen.	However,	
since	the	degree	of	under-steepening	or	over-steepening	does	not	follow	a	monotonic	trend	
with	successive	upstream	hard	and	soft	units,	the	prominence	of	an	uplift	knickpoint	also	
does	not	follow	a	monotonic	trend	in	each	unit	(Fig.	38).	In	other	words,	the	uplift	
knickpoint’s	prominence	exceeds	steady	state	predictions	in	hard	units	and	remains	below	
steady	state	predictions	in	soft	units,	but	prominence	can	fluctuate	with	each	successive	
hard	or	soft	unit	because	transient	contact	knickpoints	operate	on	the	stream	while	the	
uplift	knickpoint	propagates.	
	 For	the	case	of	alternating	hard	and	soft	layers	with	shallow	positive	dips,	easily	
detectable	transient	contact	knickpoints	do	not	exist	throughout	the	profile.	As	the	uplift	
knickpoint	propagates	through	the	profile,	its	prominence	follows	the	findings	from	the	
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Fig.	38.	Uplift	knickpoint	(blue	dot)	propagating	through	layered	hard	(grey,	𝐾=2x10-9	m-
0.5yr-1)	and	soft	(white,	𝐾=2x10-8	m-0.5yr-1)	stratigraphy	with	negative	contact	dips.	Time	is	
after	a	change	in	uplift	rate	from	5x10-5	m/yr	to	2.5x10-4	m/yr.	
	
baseline	runs,	as	soft	over-steepened	reaches	have	prominences	exceeding	their	predicted	
steady	state	values	and	hard	under-steepened	reaches	have	prominences	less	than	their	
predicted	steady	state	values.	Since	transient	contact	knickpoints	do	not	significantly	alter	
steepness	(as	is	the	case	with	negatively	dipping	contacts),	prominences	in	each	successive	
hard	or	soft	unit	follow	monotonic	trends,	where	the	uplift	knickpoint	becomes	
progressively	less	prominent	in	successive	hard	units	and	progressively	more	prominent	in	
successive	soft	units	(Fig.	39).	The	steepness	of	each	successive	upstream	hard	and	soft	
unit	prior	to	the	arrival	of	the	uplift	knickpoint	also	progressively	converge	towards	one	
another,	albeit	very	gradually.	The	uplift	knickpoint’s	rapid	propagation	through	each	hard	
unit	complicates	accurately	measuring	its	vertical	velocity	in	these	units,	though	visual	
inspections	of	model	runs	suggest	uplift	knickpoints	propagate	at	greater	vertical	velocities	
in	the	hard	units	than	in	the	soft	units.	
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Fig.	39.	Uplift	knickpoint	(blue	dot)	propagating	through	layered	hard	(grey,	𝐾=3.8x10-8	m-
0.5yr-1)	and	soft	(white,	𝐾=7.22x10-7	m-0.5yr-1)	stratigraphy	with	positive	contact	dips.	A	
change	in	uplift	rate	from	5x10-5	m/yr	to	2.5x10-4	m/yr	occurs	at	1	Myr,	and	the	times	on	
each	time	slice	correlate	with	the	x-axis	of	the	time-elevation	plot	in	the	upper	left.	
	
	 The	multi-contact	runs	support	the	behavior	observed	in	the	baseline	runs	and	
highlight	the	importance	of	secondary	subtler	waves	of	incision	(i.e.,	transient	contact	and	
outlet	knickpoints)	in	determining	the	change	in	vertical	velocity	and	prominence	of	uplift	
knickpoints	by	setting	the	degree	to	which	each	position	along	the	profile	is	either	under-	
or	over-steepened.	Since	they	include	relatively	powerful	transient	contact	knickpoints	that	
significantly	alter	the	profile’s	steepness,	runs	with	negatively	dipping	contacts	are	more	
difficult	to	predict	knickpoint	behavior	in	than	runs	with	positively	dipping	contacts.	
5.5.	Implications	for	Natural	Settings	
	 While	this	study’s	1-D	model	lacks	hillslope	diffusion	and	basin	divide	migration	
processes,	it	offers	a	level	of	simplicity	enabling	for	a	clear	description	of	the	role	of	
discrete	changes	in	erodibility	on	profiles	governed	by	the	SPIM.	I	emphasize	that,	while	at	
times	enhanced	for	greater	model	sophistication	(e.g.,	Lague	et	al.,	2005),	the	simple	
	 67	
version	of	the	SPIM	used	in	this	study	is	often	cited	as	a	basis	for	tectonic	interpretation,	
and	similar	1-D	studies	are	routinely	conducted	to	explore	the	fundamental	effects	of	
specific	perturbations	on	stream	profile	evolution	(e.g.,	Beeson	and	McCoy,	2020).	
Specifically,	I	find	the	critical	roles	of	contact	celerity	and	the	𝐾!/𝐾! 	ratio	in	determining	the	
degree	to	which	a	contact	perturbs	upstream	reaches	from	equilibrium.	Fast	contact	
celerity	(most	often	resulting	from	near	horizontal	contact	dips	and	high	uplift	rates)	and	
large	contrasts	in	erodibility	cause	the	greatest	deviations	from	steady	state	predictions.	
Additionally,	interactions	with	transient	contact	knickpoints	formed	by	hard	over	soft	
negatively	dipping	contacts	and	incisional	waves	formed	by	the	exposure	of	positively	
dipping	contacts	at	the	stream’s	outlet	can	further	alter	the	behavior	of	uplift	knickpoints.	
These	secondary	waves	of	incision	can	also	propagate	past	contacts	and	make	predicting	
the	vertical	velocity,	celerity,	and	prominence	of	uplift	knickpoints	throughout	the	profile	
extremely	difficult,	even	with	erodibility	constrained.		
	 Though	at	times	the	model	runs	produce	physically	unrealistic	landscapes	(e.g.,	the	
km-scale	shear	cliffs	formed	by	horizontal	hard	over	soft	contacts),	the	essence	of	this	
study’s	findings	translates	to	continuous	natural	settings.	Just	as	in	the	model	space,	
natural	settings	do	not	adjust	instantaneously	to	changes	in	erodibility.	When	contacts	dip	
towards	the	outlet,	the	new	unit’s	progressive	downstream	exposure	stunts	the	slope	
adjustments	of	reaches	upstream	of	the	contact,	and	stream	power	throughout	the	
upstream	reach	cannot	drive	incision	rates	to	match	uplift	rates.	Rather	than	the	stunting	
event	occurring	each	time	the	contact	passes	a	new	model	node,	this	process	may	occur	
when	a	contact	reaches	some	critical	distance	from	a	location	of	interest,	such	that	the	
elevation	at	this	critical	distance	influences	erosion	rates	at	the	location	of	interest.	When	
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contacts	dip	towards	the	divide,	the	contact’s	celerity	causes	reaches	near	the	contact	to	
protrude	and	preferentially	erode	(Perne	et	al.,	2017).	This	initiates	transient	contact	
knickpoints	that	sustain	over-steepened	(hard	over	soft)	or	under-steepened	(soft	over	
hard)	reaches	upstream	of	the	contact.	Though	these	transient	contact	incision	waves	may	
not	occur	as	regularly	in	natural	settings	as	in	the	model	domain,	their	suspected	existence	
in	natural	settings	is	supported	by	reasonable	physical	assumptions	(Perne	et	al.,	2017),	
and	they	exert	a	clear	and	meaningful	influence	on	stream	profile	evolution	when	assuming	
this	study’s	simplified	erosion	model.	
	 My	findings	apply	to	many	regions	commonly	investigated	with	topographic	
analyses,	and	in	particular,	incised	plateaus,	continental	margins,	and	forearc	basins.	Each	
of	these	landscapes	often	contain	sequences	of	shallowly	dipping	layers	with	moderately	
contrasting	erodibility	(e.g.,	uplifted	sedimentary	sequences)	and/or	tilted	units	of	highly	
contrasting	erodibility	(e.g.,	tilted	sedimentary	sequences	juxtaposed	with	volcanic	flows,	
outcropping	intrusions,	and	exhumed	basement),	both	of	which	contribute	towards	
creating	the	necessary	conditions	for	uplift	knickpoints	to	deviate	from	topographic	steady	
state	predictions.	If	contact	celerity	is	too	slow	or	the	𝐾! 𝐾! 	ratio	too	near	unity,	𝑈!""	may	
not	differ	sufficiently	from	𝑈!	for	knickpoints	to	deviate	from	steady	state	behavior	beyond	
that	which	may	be	associated	with	typical	error	from	the	knickpoint	extraction	process.	On	
the	other	hand,	sufficiently	shallow	contacts	with	large	contrasts	in	erodibility	may	not	
only	drive	uplift	knickpoint	behavior	from	steady	state	predictions,	but	because	transient	
contact	knickpoints	perturb	upstream	reaches,	projected	stream	profiles	may	also	yield	
inaccurate	incision	depths	(Fig.	40).	The	threshold	dip	angle	for	steady	state	assumptions	
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Fig.	40.	Profiles	(with	projections	to	outlets)	in	𝜒-space	and	𝜒 − 𝑘!"	space	for	selected	
baseline	runs	with	5°	and	-5°	contacts	and	varying	stratigraphy.	The	black	profiles	lack	
contacts	and	share	the	same	𝐾	as	the	unit	downstream	from	the	contact	on	the	
accompanying	blue	profiles.	The	red	dots	are	contact	outcrops.	Time	is	with	respect	to	a	
change	in	base	level	that	initiated	the	uplift	knickpoint.	For	all	runs,	𝑛 = 1.5.	
	
to	remain	applicable	towards	topographic	analyses	depends	upon	the	relative	erodibilities	
of	rock	units,	rock	uplift	rate,	and	stream	length,	as	knickpoint	elevations	will	diverge	over	
time	if	they	propagate	through	differing	stratigraphy.	I	do	not	aim	to	constrain	this	
threshold	contact	dip	angle,	and	I	emphasize	that	more	complex	and	realistic	erosion	
models	incorporating	greater	dimensions,	erosion	thresholds,	and	sediment	transport	(e.g.,	
Gasparini	et	al.,	2007;	Sklar	and	Dietrich,	2001)	may	yield	more	realistic	conclusions.	
Furthermore,	while	planar	contacts	serve	as	a	useful	simplification	towards	identifying	
contact	celerity	as	a	critical	component	to	the	degree	to	which	contacts	perturb	upstream	
reaches,	bedrock	streams	in	mountainous	terrains	often	traverse	folded	units.	If	rock	units	
fold	and	contact	dips	vary,	the	celerity	of	contacts	along	a	profile	and	the	magnitude	of	
transient	contact	knickpoints	produced	by	these	contacts	will	also	vary.	The	spatial	and	
temporal	variability	of	uplift	knickpoint	behavior	will	simply	reflect	the	history	of	each	
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contact’s	celerity	and	change	in	erodibility	conveyed	by	each	contact.	Thus,	in	a	
hypothetical	landscape	with	highly	folded	rock	and	many	non-vertical	contacts,	it	is	easy	to	
see	how	accurate	topographic	analysis	may	prove	extremely	difficult	(e.g.,	Yanites	et	al.,	
2017),	especially	without	constraining	SPIM	parameters.		
	 Further	complicating	topographic	analysis,	the	secondary	waves	associated	with	
influencing	uplift	knickpoint	behavior	(i.e.,	the	transient	contact	and	outlet	knickpoints)	are	
quite	subtle	in	the	model	runs	and	may	not	clearly	appear	in	DEM-derived	stream	profiles,	
meaning	a	stream	in	transience	may	lack	a	clear	morphological	indicator.	This	is,	however,	
merely	hypothesized,	as	transient	contact	knickpoints	are	yet	to	be	identified	as	such	in	
natural	landscapes.		
	 Lastly,	since	transient	contact	knickpoints	migrate	upstream	ahead	of	contacts,	
uplift	knickpoints	are	only	influenced	by	contacts	if	they	surpass	them	while	propagating	
upstream.	Therefore,	for	a	given	change	in	uplift	rate,	basin	geometry,	negative	contact	dip	
angle,	and	𝐾! 𝐾! 	ratio,	there	exists	a	maximum	distance	from	the	stream’s	outlet	a	contact	
can	reside	at	the	onset	of	change	in	rock	uplift	rate	for	the	uplift	knickpoint	to	catch	the	
contact.	Of	course,	this	problem	further	complicates	as	units	fold.	
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6.	Conclusion		
	 The	complex	patterns	of	erosion	rates	observed	in	previous	modeling	studies	of	
detachment-limited	erosion	with	layered	stratigraphy	(Forte	et	al.,	2016;	Perne	et	al.,	2017;	
Yanites	et	al.,	2017)	ultimately	influence	the	behavior	of	upstream	propagating	knickpoints	
generated	by	changes	in	uplift	rate.	Using	assumptions	of	knickpoint	behavior	in	steady	
state	topography,	I	isolated	the	driver	of	deviations	in	knickpoint	behavior	from	steady	
state	to	a	change	in	the	initial	uplift	rate	of	reaches	upstream	from	contacts.	This	occurs	
because	contacts	act	as	non-stable	base	levels	for	upstream	reaches	and	exert	a	rate	of	base	
level	change	that	influences	a	reach’s	uplift	rate.	When	all	stream	power	incision	model	
parameters	are	known,	knickpoints	deviate	from	steady	state	assumptions	in	predictable	
ways.	However,	secondary	incisional	waves	caused	by	migrating	contacts	further	
complicate	the	behavior	of	base	level	perturbations	at	a	given	place	and	time.	The	vertical	
velocity,	celerity,	prominence,	and	incision	depths	of	knickpoints	deviate	most	from	steady	
state	predictions	as	contact	celerity	and	the	cross-contact	change	in	𝐾	increases.	This	
modeling	work	suggests	that	deviations	from	steady	state	assumptions	caused	by	contacts	
with	low	along-stream	celerity	are	relatively	minor	and	may	account	for	small	differences	
in	knickpoint	elevations	throughout	a	landscape	with	uniform	forcings.	However,	non-
vertical	contacts,	especially	those	with	dips	near	a	stream’s	slope	and	between	units	
differing	significantly	in	erodibility,	certainly	add	a	layer	of	complexity	to	topographic	
analysis	and	highlight	that	landscapes	are	non-unique	solutions	that	require	constraining	
parameters	of	transport	laws	to	accurately	interpret.	There	is	significant	room	for	
additional	work	in	addressing	the	roles	of	non-vertical	contacts	in	landscape	evolution,	and	
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more	sophisticated	modeling	coupled	with	field	data	may	help	determine	the	degree	to	
which	the	processes	outlined	in	this	study	actually	influence	natural	landscapes.		
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7.	Data	Availability	
The	1-D	bedrock	stream	evolution	and	knickpoint	data	extraction	functions	are	accessible	
online	along	with	descriptions	of	simulations	and	data	used	in	this	study	
(https://zenodo.org/record/3865097#.XtDzOJ5KgdU).	
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